involved in the processing of spatial working memory, whereas the ventral aspects (including the inferior prefrontal gyms) may be more involved in working memory for objects and faces (Goldman-Rakic, 1996; . Evidence for this comes from studies of both monkeys and humans. Single-cell recordings from nonhuman primates revealed that neurons in the dorsolateral prefrontal cortex responded preferentially during a spatial working memory task and were relatively inactive during pattern working memory (Wilson, Scalaidhe, & Goldman-Rakic, 1993) . Moreover, when recordings were made from the inferior convexity of the prefrontal cortex, the reverse pattern was seen: Neurons fired preferentially during the pattern working memory task but were inactive during the spatial working memory task (Wilson et al., 1993) . In a recent investigation using functional magnetic resonance imaging (fMRI), Courtney, Petit, Maisog, Ungerleider, and Haxby (1998) reported that the superior frontal sulcus of the human adult was bilaterally more active during a spatial working memory task than during a working memory task with faces. Unlike in monkeys, the activity in the superior frontal sulcus extended into the premotor region. Moreover, the same study found that the left inferior frontal cortex showed more sustained activity during face working memory than during spatial working memory. Thus, in adult nonhuman and human primates, the dorsal structures of the frontal cortex may be disproportionately involved in spatial working memory, and the ventral structures may be more involved in working memory for nonspatial information.
In addition to the functioning of the prefrontal cortex, the parietal region and anterior cingulate cortex also display activity during spatial working memory tasks. The posterior parietal region is part of the dorsal stream and, as such, is involved in the processing of spatial information . Evidence for this comes from lesion and single-unit recording studies with monkeys, which have found that the posterior parietal region is both necessary and active during the processing of spatial information (Ungedeider & Haxby, 1994) . Similarly, by means of positron emission tomography (PET), researchers found activation of this region in humans during the processing of spatial information (Courtney, Ungerleider, Keil, & Haxby, 1996) . Moreover, anatomical analysis of the monkey found reciprocal connections between the parietal lobe and dorsal aspects of the prefrontal cortex (e.g., Schwartz & Goldman-Rakic, 1984 ). Thus, not only do these studies suggest that the parietal region is involved in spatial memory, but Goldman-Rakic's (1996) work indicates that this area exchanges information with the dorsal prefrontal cortex.
As for the anterior cingulate cortex, this region is activated during tasks that involve working memory, language generation, and selective attention (Cabeza & Nyberg, 1997) . Recently, in line with research showing activation of this region on seemingly disparate tasks, Carter et al. (1998) found that this region is activated when a task involves competition between various responses. Therefore, it is suggested that the anterior cingulate is sensitive to conditions under which errors are likely.
What about the development of working memory? First, by all accounts, developmental data from humans indicate that the neural structures that support working memory, particularly the prefrontal cortex, undergo protracted development (unfortunately, little is known about the development of the parietal cortex and cingulate). This is particularly true at the level of physiological and anatomical development. For example, Huttenlocher (1979 Huttenlocher ( , 1990 Huttenlocher ( , 1994 Huttenlocher & Dahhholkar, 1997) has reported an exuberance of synapses in the middle frontal gyrus, with the number of synapses in infancy far exceeding adult numbers. This peak of overproduction occurs at 1 year of age, followed by a gradual decline in numbers of synapses until adult levels are obtained sometime during mid-to late adolescence. Second, investigations with PET indicate that mature levels of metabolic activity are slow to emerge in the frontal cortex relative to other areas. Indeed, metabolic activity in the frontal cortex lags behind all other cortical regions and only approaches adult values by 1 year of age, with continued development over the next decade or more (Chugani, 1994; Chugani & Phelps, 1986) . Third, an examination of the histochemical development of the human frontal cortex reveals that acetylcholinesterase reactivity in Cortical Layer III (pyramidal field) is not fully developed until young adulthood (Kostovic, Skavic, & Strinovic, 1988; Mesulam & Geula, 1988) .1 Fourth, myelination of the prefrontal cortex is protracted and does not reach adult levels until adolescence (Jernigan, Trauner, Hesselink, & Tallal, 1991; Yakovlev & LeCours, 1967) . Fifth, using measures of electroencephalogram (EEG) coherence, Thatcher (1992) proposed that (a) the cortex as a whole undergoes a series of cycles in development (in which short-and long-range intra-and intercortical connections are laid down), (b) this process is orchestrated by the frontal cortex, and (c) this process continues beyond the preschool period. Collectively, these findings suggest that the prefrontal cortex--a region known to be involved in working memory--is slow to develop and may not reach maturity until adolescence.
Support for the protracted physiologic and anatomic development of the prefrontal cortex can also be found in the behavioral literature. There is evidence that some working memory capacity emerges during infancy. For example, Diamond and colleagues (e.g., Diamond, 1985; Diamond & Doar, 1989; Diamond & Goldman-Rakic, 1989) have proposed that the ability to tolerate increasingly long delays on the Piagetian A-not-B task and the delayed response task is made possible by the development of a specific region within the prefrontal cortex, the dorsolateral region (although some authors have questioned this hypothesis; see Johnson, 1998; Nelson, 1995) . Gilmore and Johnson (1995) have reported that 6-month-old infants can hold in working memory the spatial location of a cued target for as long as 4 s, which again suggests that some working memory capacity emerges during the infancy period.
These impressive feats notwithstanding, the bulk of the child neuropsychological literature clearly supports the view of a more protracted course of prefrontal development, consistent with the literature on synaptogenesis. For example, using a variety of prefrontal tasks that require working memory, Luciana and Nelson (1998) observed a marked improvement from 4 years through early adolescence; indeed, these authors observed that on a spatial working memory task and on more difficult Tower of London problems (i.e., those requiring four and five moves), the improvement from 8 years to adolescence/adulthood was at least as great as the improvement from 4 to 8 years. Similarly, 10-and 11-yearold children do not perform as well as adults on a test of visual working memory for patterns (Miles, Morgan, Milne, & Moris, 1996) . In addition, in a study in which children between the ages of 7 and 15 were tested for spatial and verbal memory span, significant improvements in performance continued up through the oldest age group (Isaacs & Vargha-Khadem, 1989 ). Finally, Fernzlndez et al. (1998) demonstrated that reduced EEG power at the frontal leads preceded incorrect responses during a test of verbal working memory in 8-to 10-year-old children, again pointing to the link between working memory and the prefrontal cortex. On the whole, these studies indicate that mature functioning in working memory tasks emerges during middle childhood, with considerable room for improvement through adolescence.
In the current study we sought to examine the functional anatomic organization of working memory during middle childhood. We selected this age for two reasons. First, it is difficult to use fMRI in children younger than 5 to 6 years of age (primarily because of their inability to sit still for a long time). Second, we wished to evaluate an age period when expected levels of performance might begin to resemble those of the adult. In this context we hypothesized that 8-to 11-year-old children would show distributions of functional brain activity that would bear some similarity to that of adults. It is important to note that Casey et al. (1995) used a nonspatial working memory task in which research participants were presented with a sequence of letters and, when the letter in a given trial matched the letter the participant saw two trials before, the person was to press a button. These authors reported that in a test of nonspatial working memory, 9-to 11-year-old children showed activation in the anterior cingulate and inferior and middle frontal gyri that was similar to what Cohen et al. (1994) observed in adults tested in the same paradigm. Thus, like adults, children show more activation in the ventral prefrontal cortex relative to the dorsal prefrontal cortex for nonspatial working memory tasks. This indicates that distinct functions of the prefrontal regions are already evident in children before the onset of puberty. Therefore, perhaps the delayed improvements in working memory are reflected in subtle neuroanatomical changes rather task, participants watched the dot. In the motor task, participants pressed the button that corresponded to the location of the dot; in the memory task, they pressed a button corresponding to where the dot was previously.
than in the inclusion of additional structures into the working memory circuitry.
In the present study, we used a spatial working memory task that has previously been used with adults (Casey et al., 1998) . Casey et al. (1998) reported that in addition to activity in the anterior cingulate and posterior parietal cortex, there was activation in both the middle and superior frontal gyri. Moreover, in line with Courtney et al. (1998) , the activity in the superior frontal gyri spanned both the prefrontal cortex and the premotor cortex. Consequently, although both adults and children in the nonspatial working memory study exhibited more activity in the ventral regions, the adults in the spatial working memory task showed higher levels of activity in the dorsal regions of the frontal cortex. In the present study, we sought to examine the pattern of activity children would show when they performed the same spatial working memory task used by Casey et al. (1998) . This would permit an evaluation of the functioning of the prefrontal cortex in a prepubescent population. Furthermore, although Casey et al. (1995) imaged the frontal lobe, we acquired data on the whole brain as children performed the spatial working memory task. Consequently, the developmental status of the entire neural circuitry that supports working memory could be assessed.
Following Casey et al. (1995) , we expected the children in our spatial working memory task to demonstrate a pattern of activation similar to that seen in adult spatial working memory studies. In particular, we predicted activation of dorsal structures rather than ventral structures of the prefrontal cortex and, in line with Courthey et al. (1998) and Casey et al. (1998) , we expected that this activation would extend into the premotor cortex. We also predicted the involvement of two additional areas: the posterior parietal cortex because of its role in processing spatial information and the anterior cingulate because of its role in monitoring attentional resources.
Method
The Institutional Review Board of the University of Minnesota approved all testing. Children gave informed assent, and their parents gave consent, again in compliance with the review board's requirements.
Participants
Normally developing, right-handed children aged 8 to 11 years 7 months with no known neurological complications served as participants. All were Caucasian, from middle to upper middle class well-educated families, and paid $15 for their participation. We tested a total of 14 participants, 9 of whom yielded data with minimum artifact (see below for a description of permissible data).
Procedure
After acclimating to the magnetic resonance (MR) environment and having practiced the task (see below), participants were asked to lie on their backs in the scanner. Their heads were placed in a head coil, and a mirror was placed directly above their eyes. At the foot of the bed was a large (54.6 × 76.2 cm) screen onto which images would be rear-projected by means of an In Focus Lite Pro Model 580 LCD Projector (In Focus Company, Wilsonville, OR). By looking straight up into the mirror, participants could easily see these images on the screen (from a distance of approximately 3.7 m). Participants were given a button box (containing 
Stimuli and Task
There were four boxes (each box was 6.6 x 6.6 cm; approximately 1 ° x 1 °) arranged in a horizontal line that appeared on the screen (see Figure 1 for details). Participants were tested under three conditions: A visual task, in which they needed to visually monitor the location of the dot; a motor task, in which they simply had to press the button that corresponded to the location of a dot (e.g., press Button 1 when an object appeared in Location 1, etc.), and a memory task (N-back), in which the children were told to push the button that corresponded to where the dot was previously. The three tasks were presented in a fixed order (visual, motor, memory, memory, visual, motor, memory, motor, visual) across participants. Some children responded to where the dot was two trials earlier, whereas others responded to where the stimulus was on the previous trial. 2 Across the three conditions (visual, motor, and memory), stimuli were presented for 500 ms, with an interstimulus interval of 1,500 ms. For each of the three conditions, three blocks of 19 trials were presented, for a total of 171 trials. All conditions were conducted within the same scanning run.
MRI Recording and Data Reduction
All studies were conducted on a Siemens Magnetom 1.5T Vision system (Siemens Company, Munich, Germany), with a volume head coil. Conventional MR imaging was performed to acquire two-dimensional (2-D) anatomical images. Sixteen oblique sagittal slices (6 mm thick, with a gap of 0.6 mm) were obtained with spin echo acquisitions as follows: TR (repetition time), 580 ms; TE (echo time), 14 ms; a flip angle of 90°; field of view, 220 x 220 x 105 mm; matrix, 256 x 256.
In addition, an MPRAGE (Magnetization Prepared Rapid Gradient Echo) imaging sequence was applied to acquire 3-D anatomical images for each participant. The physical sequence was applied to acquire 3-D sequences as follows: TR, 15 ms; TE, 7 ms; a flip angle of 8°; field of view, 220 x 220 x 105 mm; matrix, 256 x 256; 1 slab thickness of 162 mm with 100 partitions; sagittal orientation.
Functional images of the same slice thickness and in the same slice location as the 2-D anatomical images were obtained with a T2-weighted echo planar imaging sequence. The physical parameters were as follows: TR, 3,000 ms; TE, 66 ms; a flip angle of 90°; field of view, 220 x 220 x 105 mm; matrix, 128 x 128. The raw data were preprocessed using a physiological artifact reduction method (Le & Hu, 1996) to remove ghosting. For participants with less than 2 mm of movement, images were then motion corrected with the statistical parametric mapping method. Children with movement that was greater than 2 mm were excluded from further analysis. Furthermore, an image-processing software package, STIMULATE (Strupp, 1997) , was applied to analyze the functional maps from the difference of brain signal intensities between the task and control periods by using a Student's t test with significance set to p < .001. The images of the activated pixels were then overlaid on the corresponding anatomic images for each participant, and a summary activation map at a Talairach coordination box (Talairach & Tournoux, 1988 ) across participants was generated by means of the image-processing program.
2 Although it would have been desirable to have had all participants perform the task at the same level of difficulty, pilot data indicated that some children found the N-1 task too easy and others found the N-2 task too difficult. Thus, we decided to permit participants to perform the task at the level of competence observed during training. In either case (N-I or N-2), the task demands were the same: Children were required to encode the location of one stimulus while pressing a button to the location of a previous stimulus.
Results

Functional Neuroanatomical Data
Functional maps constructed from the difference (p < .01) of MR signals between memory and motor conditions revealed activation in the middle frontal gyms. Specifically, 8 of 9 participants showed activation in Brodmann's Area 46 of the right middle frontal gyms, and 7 participants presented activation in Brodmann's Area 10 of the right middle frontal gyms. Furthermore, 7 participants showed activation in three separate regions of the superior frontal gyms: right Brodmann's Area 9; right/middle Brodmann's Area 6; and bilateral/middle Brodmann's Area 6. A summary activation map for the middle and superior frontal gyri is presented in Figure 2 .
Activation was also revealed in Brodmann's Area 32 and 24 of the left cingulate in 7 of the 9 participants. In terms of the parietal lobe, 7 participants displayed activity in the inferior parietal lobe (Brodmann's Area 40) as well in the superior parietal lobe (Brodmann's Area 7). In addition, Brodmann's Area 19 of the middle occipital gyms exhibited activation. A summary of the activated areas in the memory minus motor analysis is presented in Table 1 . Finally, the analysis of the memory minus the visual conditions revealed analogous activation to that described previously except that the motor cortex (Brodmann's Area 4) was also activated.
Behavioral Performance
We examined the button-press accuracy in the memory task for all 9 participants. The range of accuracy varied between 88.9% and 47.0% (M = 68%). A one-sample t test indicated that participants performed significantly better than chance (25%), t(8) = 10.81, p < .001. Because all participants performed at levels above chance, it appears that they understood the task.
No consistent pattern appears obvious in a comparison of button-press accuracy and functional activation. Thus, for example, Participant 3, whose accuracy was only 66%, showed prefrontal and cingulate activation, whereas Participant 4, with the highest level of accuracy, showed activation in the same areas (our sample size was too small to statistically compare behavioral function with activation). It may be that the activation is related to understanding the task and the effort to complete it rather than to the level of accuracy at which the task is completed.
Discussion
The results of this study demonstrate that prepubescent children show a pattern of brain activation in a spatial working memory task that is remarkably similar to that of adults (i.e., dorsal aspects of the frontal cortex, posterior parietal area, and anterior cingulate cortex). In particular, following the framework of the dorsal and ventral streams, these findings show activation not only in the posterior parietal region but also in the dorsal aspects of the frontal cortex (middle and superior frontal gyri), with less activation seen in the ventral areas. By contrast, in the nonspatial working memory task with children reported by Casey et al. (1995) , more ventral aspects of the prefrontal cortex were activated. Taken together, these studies suggest that the division of labor of the dorsal and ventral streams (Goldman-Rakic, 1996; Ungerleider et al., 1998 ) is already evident in the prefrontal cortex before puberty.
A somewhat unexpected finding from this study was that right was greater than left hemisphere activation in the prefrontal and parietal cortices. This finding is consistent with several previous reports of spatial working memory in adults. McCarthy et al. (1994) found activation in the right prefrontal cortex in a spatial working memory task. Owen, Evans, and Petrides (1996) found right hemisphere activation in the mid-dorsolateral prefrontal cortex during tasks that required spatial information to be held in working memory and manipulated. Our results are inconsistent, however, with the findings of Casey et al. (1998) , who failed to observe laterality differences in task performance using the same task we did. 3 Kelley et al. (1998) tested participants on word and line drawings of objects and faces. Left dorsal frontal activation was observed for the encoding of words, and fight dorsal frontal activation was observed for the encoding of faces. However, for drawings of nameable objects, bilateral activation was found. Thus, during memory encoding, prefrontal cortex activation is lateralized depending on the nature of the task. Similarly, Smith, Jonides, and Koeppe (1996) , using PET, showed a dissociation between activation for spatial and verbal working memory. When participants were instructed to hold the identity of letters (verbal working memory) on line, left hemisphere parietal cortex activation was observed. However, when they were instructed to retain the location of several objects, right prefrontal activation was observed. In a task in which participants had to use spatial working memory for verbal material (the location of letters), both left and fight prefrontal as well as left parietal activation was observed. Thus, the results of Smith et al. (1996) suggest that even in spatial working memory tasks, verbalization can modify the systems that are used. Perhaps the adults in the Casey et al. (1998) study recorded the information verbally (e.g., "remember that the stimulus was to the far right, then to the far left"). Anecdotally, adult participants we saw for pilot testing indicated that they used these verbal strategies. Unfortunately, we do not have information about whether the adults tested by Casey et al. (1998) used verbal strategies, nor do we have information about any strategy used by the children in the present experiment. However, Ornstein, Naus, and Liberty (1975) demonstrated that the effective use of verbal strategies in a short-term memory task follows a slow developmental trajectory. In particular, verbal rehearsal of to-beremembered information is elaborated more fully and effectively by adolescents than by younger children. Therefore, it is likely that the children in the present study did not use verbal rehearsal to the same extent as the adults did in Casey et al. (1998) , or perhaps the children chose not to use a verbal strategy at all.
Activation in parietal areas may also be related to accuracy and effort expended in the task. In nonhuman primates, activation of the inferior parietal cortex and prefrontal cortex was related to the memory demands of a spatial memory task and the sensory motor demands, respectively (Friedman & Goldman-Rakic, 1994) . Further, in inferior parietal subareas, activation was related to accuracy of performance. In the present study, behavioral performance was not apparently related to activation in either area. However, it remains possible that with larger sample sizes and more variability in performance (e.g., by including some children for whom the task is very easy and others for whom it is very difficult), such relations will emerge. Future research efforts with children and adults should include monitoring of strategy use and its effects, as well as information about the relation between performance, task demands, and sensorimotor demands of the tasks.
As in most fMRI studies, this study makes the assumption of pure insertion (for a review, see Friston et al., 1996) . That is, when activation from the motor condition is subtracted from activation in the working memory condition, we assume that the residual activity is due to working memory. However, it is possible that the working memory task also recruits other cognitive operations to a greater degree than the motor task. For instance, attention or vigilance may be modulated across these two tasks. Indeed, the cingulate, a structure known to be modulated by task demands (Barch et al., 1997) and response completion (Carter et al., 1998) , showed increased activation in the working memory task in both children and adults. Furthermore, as in the adult analogue of this study, V4 and V5 of the visual cortex (Brodmann's Area 19) were also more active in the working memory task, and this region is known to display increased activity for visual tasks that require attention (Beauchamp, Cox, & DeYoe, 1997) . Consequently, the increased task demands of the working memory condition may influence which neural structures are recruited, and thus it may be argued that the regions activated in this task may not all be purely involved in the cognitive operation of working memory.
However, in an adult fMRI study, the dorsolateral prefrontal and parietal cortices were specifically activated by working memory and not by increased task demands (Barch et al., 1997) . Barch and colleagues administered an N-back working memory task and found that increased delay led to increased activation in the prefrontal cortex (Brodmann's Area 9 and 46) and in the parietal cortex (Brodmann's Area 40 and 7), but no changes were found in other areas, such as the cingulate. (It is important to note that in Barch's study, increasing the delay was not considered to lead to increases in the task demands, because this manipulation does not lead to decreased performance.) In contrast, when the task demands were increased by degrading the visual stimuli, activity in the dorsolateral prefrontal and parietal cortices did not change, but increased activity was found in the anterior cingulate. Thus, activity in the dorsolateral prefrontal and parietal cortices appears to be specifically involved in the cognitive operations of working memory and not simply activated in response to increased task demands. Moreover, in a separate study, activation in the dorsolateral prefrontal and parietal cortices increased with increased memory load in an N-back working memory task , providing further evidence that these regions are specifically involved in working memory. The findings described above suggest that the activity we found in the dorsolateral prefrontal cortex and in the parietal area may be specifically involved in working memory, but the activation of the cingulate and the extrastriate cortex may be due to the increased task demands of the working memory condition.
In summary, there are two major findings from this study. First, our results parallel those obtained from studies of spatial working memory in adults (e.g., Casey et al., 1998; McCarthy et al., 1994) and extend those from a comparable study done with children (Casey et al., 1995) . Accordingly, it would appear that the neural substrate thought to underlie spatial working memory may be adultlike prior to the onset of puberty, at least given the demands of our task. In the future it may be wise to use an event-related fMRI paradigm, in which the task demands can be varied within a given session for a given child. In so doing we may be able to better couple the relation between behavior and brain activation and at the same time examine individual differences in functional neuroanatomy. Additionally, by using higher field magnets (in our case, 4 or 7 Tesla) in testing children, we may be able to distinguish subtle differences between 8-to 11-year-old children and adults. Regardless of future directions, our results do suggest that fMRI is feasible in children. As such, we would encourage further exploration of this methodology as a means of exploring other domains of cognitive development and as a noninvasive tool with which to study brain development.
